Microfluidic systems are attractive tools in various areas of chemistry 1 and life sciences. 2 They enable us to study chemical processes with minimal resource consumption at high speed and throughput, which is useful for screening and fast optimisation of chemical syntheses. 3 Chip-based systems are valuable as they can provide seamless integration of different functionalities within a small space, 4 e.g. the combination of microflow reactions with continuous product separation. 5 In microfluidic chips with a segmented flow single droplets can serve as individual reaction containers. Due to the low sample consumption and high process speed such microfluidic devices are very attractive for high throughput experiments 6 with precious compounds.
The analytical monitoring of chemical processes in fast moving nanoliter-droplets is, however, challenging. 7 Fluorescence detection, which is quite common in bio-analytics, 8 is easy to realise, yet only applicable for processes containing luminescent substances. An interesting alternative with a much wider scope is the coupling of microfluidic droplet chips to mass spectrometry. 9 A strong point of such chip-MS coupling is the more reliable compound identification with the aid of the acquired mass spectra. 10 A disadvantage is, however, that mass spectrometric detection is hardly compatible with further downstream processes due to the destructive analytical procedure.
In this context, Raman spectroscopy provides an interesting approach for non-destructive analytical characterization in microfluidic chips which can provide structural information. 11 In comparison with IR-spectroscopy it is less demanding with regard to the compatibility with chip materials and process media. 12 The rather low sensitivity of Raman scattering can be faced using surface enhanced Raman spectroscopy (SERS). The interaction with rough noble metal surfaces can dramatically enhance the analyte's Raman signals. 13 Silver nanoparticles are known to be excellent substrates for this purpose. 14 They can be added straightforwardly to the solution of interest, which is very appealing for the application in chip-based droplet microfluidics. 15 While almost all publications on SERS-detection to date have covered either biological/biochemical processes or studies on model substances like crystal violet or rhodamine 6G, 16 this article focuses on time-resolved investigation of an organic-chemical synthesis in a segmented micro-scaled flow. A challenge is the short acquisition time, if the dynamic processes shall be monitored on-the-fly in single droplets as well as the controlled dosing of reagents including the SERS-colloidal solution at the micro-and nano-scale.
We introduce a microfluidic system, which allows studying the scope of organic syntheses at the nanoliter scale by Raman spectroscopic monitoring of individual fast moving droplets. For this purpose we developed a chip layout, presented in Fig. 1 which contains a flow-focussing structure ( Fig. 1a ), where 5 nL droplets are generated with a frequency of 2 Hz. These are transported downstream in a hydrophobic carrier fluid (Fluorinert FC-40) towards a dispensing structure ( Fig. 1b) . At that point another aqueous liquid, containing a reactant and/or a nanoparticle suspension, is added. This is followed by a serpentine track where the reaction can take place. The fluid transport is driven by syringe pumps.
Prototypes of the chips were fabricated from polydimethylsiloxane (PDMS)/glass using common moulding techniques. 17 The resulting channels had a height of 106.4 AE 1.1 mm and a width of 92.3 AE 3.6 mm. The serpentine track was about 44.5 cm long and the outer dimensions of the chip were about 43 Â 10 mm. In order to obtain channel surfaces with uniform hydrophobicity the channels were treated with the commercial available hydrophobicity agent Rain-X s and flushed with isopropanol afterwards. 18 This suppressed wetting of the channel walls by the aqueous droplets, and significantly improved the droplet-stability and robustness of the whole process.
This system allows following chemical reactions inside individual microdroplets by a directed addition of silver colloids to each droplet.
To evaluate and demonstrate the performance of the approach we chose the Hantzsch-synthesis of 2-aminothiazoles as a model system. 19 Initially, we studied and optimised the reaction off-chip, where we found that the reaction towards 2-amino-4-phenylthiazole is sufficiently fast using an ethanol-water-solution (8.5 : 1.5; v/v) as solvent. This process was followed by ESI-mass spectrometry as well as by surface enhanced Raman spectroscopy on a microscope slide after adding a silver nanoparticle suspension to the reaction solution. The Raman-and the MS-data on monitoring the reaction progress were in good agreement supporting the feasibility of the concept (Fig. S1 and S2, ESI †) .
Thereafter the process was transferred to the chip with the intention to study the reaction progress in individual droplets within a segmented flow. For that purpose the bromoacetophenone solution and the silver nanoparticle suspension were brought together via discrete microchannels in front of the droplet generator and thiourea was added downstream. After careful optimisation of the flow rates to 0.2 mL min À1 for the aqueous solutions and 0.25 mL min À1 for the carrier fluids we obtained a stable segmented flow although the high ethanol content slightly hampered the process. Occasionally, we observed, however, minor variances in the spacing between droplets as evident from Fig. 2a . This experimental approach gives access to SERS-spectra right after reaction initiation and is ideally suited for kinetic studies. The reaction progress can be monitored by following the moving droplets downstream, along the serpentine acquiring SERS-spectra from individual droplets. In order to achieve adequate signal-tonoise ratios we chose an acquisition time of 500 ms which allowed to monitor individual passing droplet as well as the carrier fluid.
In the present study, we chose five detection positions along the channel which represent different reaction times. The first one was placed at the reaction starting point and the following were located downstream in a way that the flow rate dependent residence time between each position was about 20 s. The microfluidic chip was placed on top of a Raman microscope and spectra were taken at every detection position from the droplets as well as from the carrier fluid (Fig. 2) . As spectra from inside and outside the droplets differ significantly, this allows straightforward monitoring of the segmented flow. The baseline was stable over the period of investigation (about two hours) revealing the absence of substrate dispersion or adsorption to the channel wall (Fig. S3, ESI †) . Spectroscopic tracing of the reactants was accomplished via indicator bands, determined in the above mentioned off-chip experiments (Fig. 2) . 2-Bromoacetophenone for example shows strong bands at 1583 cm À1 and 1665 cm À1 (Fig. 3a) , which do not appear in the product spectrum. The spectrum of 2-amino-4-phenylthiazole, however, has strong bands at 1551 cm À1 and 1593 cm À1 , which are absent in the reactant spectrum. The reaction process can now be monitored by changes of the relative intensities of these bands. For a more reliable data Fig. 1 Schematic depiction of the process on the left and of the microfluidic chip on the right hand side. Magnified areas show (a) the flow-focussing structure and (b) the dispensing structure. The chip is getting filled via five inlets feeding the carrier fluid (0.25 mL min À1 each, grey channels), the silver suspension (d) and the two reactants (c) and (e) (0.2 mL min À1 each) respectively. acquisition, the solvent band at 863 cm À1 was used as internal standard to normalise the spectra.
With this approach we could observe that the band of the starting material at 1665 cm À1 decreased to a minimum within 80 s, while the product band at 1551 cm À1 increased and reached a plateau within the same time (Fig. 3b) . These data prove that the system is indeed capable to follow organic reactions with SERS inside fast moving single droplets.
An interesting application of the approach is in the area for rapid optimisation of reaction conditions or for studying the scope of reactions testing various substrates. The latter is demonstrated in this proof of concept study by the use of various substrates for the Hantzsch-synthesis. This can be elegantly realised on chip in a single experiment by using different reagent channels or more simple as in the present study by using various substrate solutions in a sequential manner. We tested nine different substrates and performed the respective syntheses as described above; the results are summarized in Table 1 . In order to follow the reactions with the various reagents spectroscopically we had to choose appropriate Raman bands. For example products made from N-methylthiourea did not show the NH-band at 1551 cm À1 and an indicator-band at 1593 cm À1 was used alternatively (Fig. S4 , ESI †).
The experimental design presented above allows studying the progress of reactions at high speed with minimal sample consumption. For enabling SERS detection we had to add silver colloids to the reaction solution which could of course interfere with the desired reaction and lead to misinterpretations. This can be avoided if the silver colloid is added downstream at the end of the reaction, immediately before the detection point. In order to test if the addition of the silver colloid solution affected the reaction, we modified the experiment accordingly and infused the silver colloid solution from the inlet (e) shown in Fig. 1 . The quite similar results for a reaction performed if the colloid solution is added subsequently to the reaction solution can be seen in Fig. S5 (ESI †) .
In summary, we introduce an approach for studying chemical reactions in individual fast moving droplets by surface-enhanced Raman spectroscopy. We developed a microfluidic droplet chip manufactured from PDMS/glass via moulding and plasma initiated bonding. The design allows a precise control of droplet conditions and reliable dosing of reactants and silver colloids. The chemical process was monitored in real time via surface-enhanced Raman spectroscopy using silver nanoparticles as reporter substrates. In a proof of concept study we could successfully apply it to follow the syntheses of 2-aminothiazoles. 
